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ABSTRACT




Few theoretical results have been obtained in the literature for the effects
of dependencies between random variables on the performance of queueing
systems. This thesis aims at investigating this issue via simulation. Several
dependencies are studied in detail, including dependencies between interarrival
times, between interarrival time and service time, between service times and
dependencies between different stages in networks of queues. We define several
classes of dependent random variables and study their correlation coefficients,
then we apply them to single and multiple station service systems. Comparisons
with the independent case, for which the explicit form solution are available, are
made and characterized by figures. The main contribution of this thesis is that it
disproves the monotonicity properties of effect of dependencies on system
performance in both single and multiple service stations queueing systems.
These results may be helpful in evaluating the performance of both
telecommunication and manufacturing systems.
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This thesis is motivated by the need to provide a guideline for the theoretical
work on dependency effect. Normally, when dealing with queueing models, we
assume that interarrival process and service process are independent. Study on
the effect of dependency seems to be so difficult that little work has been done in
this area. In this case, computer simulation on these models seems to be the first
step. The simulation results are relatively accurater. Thus they helps pointing
out the direction of research in this subject.
Here we use computer to generate random numbers By using inverse
transform method, we can generate variables of various kinds of distribution. In
this way, arrival and service process can be simulated under any dependency
condition.
This thesis presents the simulation results of different dependency condi-
tions on single node, single server queues and 2-server tandem queues.
1.1 SIMULATION LANGUAGES
Since most realistic simulations must be done by computer because of the
number of calculations required, the analyst should choose a computer
programming language of communicating the essence of the model to the
computer. Common computer languages such as FORTRAN, C, COBOL,
BASIC or Assembler can be used to write simulation model. This is sometimes
done when the simulation model is not complicated, only a small computer
system available, or the analyst is thoroughly conversant with the language.
Nevertheless, a analyst who wants to minimize the portion of model construction
2
which have been expressly design for simulation. These languages imbed in the
compiler contain function necessary for every simulation: establishing and
updating a time clock, generating random occurrences and initializing,
incrementing and printing system statistics such as utilization of service facilities
and waiting time. Dozens of simulation languages currently exist: GPSS
(General-purpose System Simulation), SIMAN and SIMSCRIPT for discrete
event simulation, CSMP (Continuous Simulation Modeling Package) and
DYNAMO continuous simulation, and GASP and SLAM for hybrid simulation.
Simulation analysts are increasingly attempting to interface formal statistical
routines with simulation models. The structure of GPSS, SIMAN and
SIMSCRIPT permit the user to call a FORTRAN, C or Assembler subprogram
for its purpose, although in practice, discovering the correct way in which to
implement this feature through the operating system of a particular computer can
be tedious.
The simulation models constructed in this paper are relatively simple after
analytical effort has been made. Simulation languages used in dependency effect
analysis must be flexible so that different structure of dependency can be
simulated without much difficulty. In this case, common language such as
FORTRAN, C, COBOL can be used for simulation purpose. Also, because C is
a update common language and has more effective functions, the simulation
programs used for analyzing dependency effect are written by C language.
1.2 THE INVERSE TRANSFORMATION METHOD
Simulating &Gil queueing model requires the simulation model can simulate
virtually any kind of distribution for either customer interarrival time or service
time . A general method - called the Inverse Transformation Method - is used
3
throughout this paper to simulate random variables with a continuous
distribution. This method is based on the following proposition:
Proposition 1.1	 Let U be a uniform (0,1) random variable. For any
continuous distribution function F if we define the random variable X by
X = (U)
then the random variable X has distribution function F. (F -1 (u) is defined to
equal that value x for which F(x) = u)
Hence we can simulate a random variable X from the continuous distribut-
ion F, when F is computable, by simulating a random number U and then setting
X = F-1 (U).
For example, simulate an exponential random variable :
F(x) = 1 - e -Px,
then F (u) is that value of x such that
_ e-px = u,
or
x = -log(1 - u) I p.
Hence if u is a uniform (0,1) variable , then
F-1 (U) = -log(1 -	 p
is exponentially distributed with mean p.
1.3 RANDOM NUMBER GENERATOR
When the analyst speaks of a "random" process, then, the process as a whole
that may be categorized and relative frequencies of those attributes occurring
may be tabulated. The purpose of random number generation in a simulation
model is to convey to the model the nature of statistical distribution to be
modeled and to create the impression that the value of the next draw from the
distribution cannot be guessed.
4
Several attributes of random number generators are considered desirable:
1. Efficiency -that is, the generator produces random numbers at relatively little
cost for computer time and computer workspace.
2. Uniformity - that is, approximately equal percentage of the data will be
distributed in each equal length area.
3. Conformity to the desired type of statistical distribution, with mean, variance
and range as stipulated.
4. Independence - that is, the inability to predict the value of the (N+ 1)th
random number based on the value of the Nth random number except by
examining the computer code.
5. Absence of trends - that is, generation of ascending or descending strings of
values which are neither excessively long nor excessively short.
6. Long cycle length -that is, a relatively large number of numbers which can be
generated before the algorithm produces a sequence identical to the previous
sequence.
The Computer-based method of generating random numbers requires the
initial definition of one or more constants called seeds which affect the
magnitude of the random numbers produced. These seeds actually create pseudo
random numbers instead of truly random ones. Most random number generators
start with an initial value X , which is seed, and then recursively compute values
by specifying positive integers a, c, and m, and then letting
Xn+ 1 = (axn +c) modulo m, n> =0,
where the above means that axn + c is divided by m and the remainer is taken as
the value of xn+ 1 . Thus each xn is either 0,1,...,m-1 and the quantity xn/m is
taken as an approximation to a uniform (0,1) random variable. It can be shown
the subject to suitable choice for a, c, m, the above gives rise to a sequence of
5
number that looks as if it was generated from independent uniform (0,1) random
variable.
Before using the random number generator of the available computer
system, SUN-UNIX, to provide (0,1) uniform distribution random variables for
simulating a random variable of desirable continuous distribution, we have to
confirm it has approximately the same cumulative distribution function for a
(0,1) uniform distibution. This is done by using the random number generator to
create a large number of random data that fall in each divided area between 0
and 1.
Table 1.1 show the result after generate 5,000 (0,1) uniform distributed
random data.
Table 1.1 Frequency of Random Data in Each Area
Random Data	 Number of Data fall	 Percentage
Value	 in this range	 %
0.0 - 0.1	 492	 0.0984
0.1 - 0.2	 503	 0.1006
0.2 - 0.3	 507	 0.1014
0.3 - 0.4	 499	 0.0998
0.4 - 0.5	 497	 0.0994
0.5 - 0.6	 500	 0.1000
0.6 - 0.7	 510	 0.1020
0.7 - 0.8	 495	 0.0990
0.8 - 0.9	 503	 0.1006
0.9 - 1.0	 494	 0.0998
From table 1.1, we can see that the numbers of the random data fall in each
area are almost identically distributed. That approximately follows the (0,1)
uniform distribution function.
CHAPTER 2
EFFECTS OF DEPENDENCIES BETWEEN
INTERARRIVAL TIME AND SERVICE TIME ON
SINGLE NODE QUEUEING SYSTEMS
The queueing model analyzed in this chapter is GIG/ 1 single node queueing
systems.
Normally, the basic assumption for this system are:
1. Customers individually and immediately enter the queueing system.
2. The interarrival times are independently and identically distributed.
3. There is only one server in the system.
4. The server completely serves on customer at a time without interruption.
5. Service time are independently and identically distributed.
6. A customer always remains in the queueing system until its waiting time in
the queue (if any) and service are completed, at which time it immediately
leaves and its server immediately begins serve another customer (if any had
been waiting in the queue).
7. The queue discipline is first-come-first-served.
There are cases in which service time and customer interarrival time are not
independent. There may be some kind of correlation between customer
interarrival time and service time, between interarrival times, or between service
times. Few results have been reached in this subject, because it is very difficult
to get theoretical result in general situation. In this case, simulation of this
system can provide a guideline for the theoretical research.
In this chapter, we provide simulation result for effects of dependencies
between interarrival time and service time on performance of single queueing
systems. In the first section we analyze the case in which interarrival and service
7
considers the model in which interarrival time and service time are negatively
correlated (r < =0) .
2.1 EFFECT OF POSITIVE CORRELATION ON SYSTEM
PERFORMANCE
2.1.1 Effect of Positive Correlation Generated by Variables
with Bivariate Distribution
First we consider a bivariate exponential distribution for the correlated
interarrival and service time. Suppose three independent exponential
distributions are:
P[U t} = 	 it;
P[U2 > = e -P2t ;
PrU12>t] = e -P 12'
The customer interarrival time is expressed as
T = min(Ui , U12),
while service time satisfies:
S = min(U2 , U12).
Hence the exponential marginal distribution function is given by:
Fi(ti) = P[T > t 1 ] = e-(Pi +Pi2)ti;
F2(t2) = P[S > t2J = e-0)2 +Pi2)t2.
The correlation coefficient between the interanival time and service time then
can be expressed as:
r /9 124/3 1 -FP2+Pi2) • 	 (2.1)
We are now considering the following queueing model: customer interarrival
time follows exponential distribution with parameter u i =Pi +p 12 , while the
service time follows exponential distribution with parameter u 2 p2+p12.
8
Further more, we fix u1 and u2 so that the marginal distribution of the
customer interarrival time and service time will not change no matter how
correlation coefficient varies.
If p 12 increases by c Cie P12: = p 12 +c), then p i ' = Pi -c and p2 ' 	 p2-c.
Here -p 12 < = c, because normally service rate exceeds interarrival rate; and c
< = p i , because the exponential distribution parameter cannot be negative.
So the correlation coefficient becomes:
= (p12+ c) 1 (Pi +P2+P12-c). 	 (2.2)
= 0 when c -P12 ; r t max = (Pi +p12) / (P2 +P12), when c = p i .
By changing c from -p 12 to p i , we obtain correction coefficients from 0 to
+P12)/(P2+P12)-
Intuitively, a bivariate exponential distribution relationship between
interarrival and service time improves system performance by decreasing the
average waiting time, because positive correlation coefficient means that the
interarrival time decreases as service time decreases and increases when service
time increases.
Fig. 2.1 is the simulation of the model described above, with p i =4,
p2 =6,p3 =7, and simulation running time for each r is 400. Horizontal axis
represents correlation coefficient while vertical axis represents the average
waiting time in the queue for each customer. The figure shows that average
waiting time in the queue has a trend of decreasing, but not monotonously
decreasing with the increment of correlation coefficient.
2.1.2 Effect of Positive Correlation Generated by Variables
with Uniform Distribution
in this chapter, we try to construct another queueing model which has positive
correlation between customer interarrival time and service time.
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Figure 2.1 Positive Correlation between Interarrival and Service
Generated by Variables with Bivariate Distribution
Let {X,} follows (0,3) uniform distribution;
{4} follows (0,2) uniform distribution;
{.4} follows (0,1) uniform distribution.
"a" is a factor which ranges from 0 to 1.
For ith customer, the interarrival time is defined as
Ti 	+ (I - a)Yi,
and service time is defined as
Si = 	 (1 - a)Yi .
The correlation coefficient for this model is calculated as:
r = a(l -a) [(13a2-8a+4)(5a2-2a+ 1)r-5 . (2.3)
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For the purpose of comparison, we also establish a similar queueing model
which has no correlation between customer interarrival time and service time.
Let {X,'} follows (0,3) uniform distribution;
{11,2 '} follows (0,2) uniform distribution;
{W,'} follows (0,2) uniform distribution;
{4 1 } follows (0,1) uniform distribution.
The ith customer interarrival time is defined as:
= X + (1 -a)Y ,
while service time for ith customer is defined as
Si ' = Zi ' + (1 -a)Wi '
Fig. 2.2 is the simulation result of the models described above with
simulation running time 1500. The solid line represents the correlation model,
while the dash curve represents the respective comparison model. It shows that:
when the correlation coefficient ranges from 0 to 0.3, the average waiting time
doesn't have any trend over comparison model; when it ranges from 0.3 to 0.5,
the decreasing trend is obvious, the solid curve is always below the dash curve.
The conclusion is that in positive correlated model generated by uniform
distribution variables, the average waiting time in the queue does not have a
decreasing trend until the correlation coefficient between customer interarrival
time and service time reaches certain value.
2.2 EFFECT OF NEGATIVE CORRELATION ON SYSTEM
PERFORMANCE
Negative correlation represents opposite trends of two variable. Increasing trend
of one variable results the decreasing trend of the other and verse-vise. Most of
researches on dependency deal with positive correlation. In this section, we are
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Figure 2.2 Positive Correlation between Interarrival and Service
Generated by Variables with Uniform Distribution
service time to see how this kind of correlation affects the system performance
measures.
One of the negative correlated model constructed as following:
Let {X} follows (0,3) uniform distribution;
{4} follows (0,1) uniform distribution;
{Z„} follows (0,2) uniform distribution.
The ith customer interarrival time is defined as:
Ti 	+	 - (1-a)Yi 1.
The ith customer service time is defined as:
Si = 	 + Yi+i (1-a) -Yi+2 .
The (i+l)th customer interarrival time is defined as
Xi+1 + aYi+3 (1-a)17i+4 •
The (1+1)th customer service time is defined as
Si+1 = Zi+1 + aYi+4 -
Correlation coefficient between T and S is calculated as:
r = -all -a) / (4a2 +22a+24)".
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(2.4)
The customer interarrival and service distribution and correlation between
interarrival and service time changes coresponding to the variance of a. In this
case, a comparison model is necessary. The comparison model should be
similar to the dependency model but has independent customer interarrival time
distribution and service time distribution.
Let	 follows (0,3) uniform distribution;
{Y.a '} follows (0,1) uniform distribution;
{Kt} follows (0,1) uniform distribution;
{Z,7 '} follows (0,2) uniform distribution.
The ith customer interarrival time is defined as:
T1 ' = 	 + aYi' ( 1-a)Yi+1 1 •
The ith customer service time is defined as:
Si ' —	 -F a Wi -
The (i+ l)th customer interarrival time is defined as :
Ti+i l	 + aYi4. 2 1 (1-a)Yi+3 '.
The (1+ i)th customer service time is defined as:
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Figure 2.3 Effect of Negative Correlation between Interarrival and service
Fig. 2.3 is the simulation result of the models described above with
simulation running time 1500. The dash curve represents the comparison model
with respective while the solid line represents the correlation model.From the
figure, we can not see any trend of how negative correlation coefficient between
the interarrival time and service time will affect the system. The conclusion is
that generally, negative coefficient between interarrival time and service time
does not have any trend of its effect on system performance.
CHAPTER 3
EFFECTS OF DEPENDENCIES BETWEEN ADJACENT
INTERARRIVALS ON SINGLE NODE QUEUEING
SYSTEMS
In this chapter, we develop simulation results for effects of dependencies
between adjacent customer interarrivals on performance of single node queueing
systems. The correlation model used in this chapter is somewhat similar to that
of Chapter 2. In the first section we analyze cases in which customer
interarrivals are positively correlated (ie. correlation coefficient r> =0); section
2 consider the model in which interarrivals are negatively correlated (r < =0). In
each case, the simulation result is displayed on a figure on which the result can
be directly analyzed.
3.1 EFFECTS OF POSITIVE CORRELATION BETWEEN
ADJACENT INTERARRIVALS
3.1.1 Effects of Positive Correlation Generated by Variables
with Bivariate Distribution
A bivariate exponential distribution for the adjacent customer interarrival time is
constructed as dependent model.
Let {X„} follows exponential distribution with parameter p i ;
{Y„} follows exponential distribution with parameter p 2 .
The distribution function of each variable are shown as:
P[X>t] =e i t;
P[Y > t] = e -P2 t .
The ith customer interarrival time is expressed as:
Tt = min(Xi , Yi , Yi + 1).
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Figure 3.1 Positive Correlation between Adjacent Interarrival
Generated by Variables with Bivariate Distribution
Hence the exponential marginal distribution function is given by:
p[T > r] 	 e"(P1 +2P2)t .
Service time follows exponential distribution with parameter u 2 (u2 >
The correlation coefficient between the adjacent customer interarrival time
can be expressed as
r = P2 I (2.Pi 	 3P2)
	
(3.1)
Here, we fix u 1 , the marginal distribution of the customer interarrival time
will not be changed no matter how correlation coefficient varies.
If P2 decrease by c, the new correlation coefficient is
r' = (p2 	/ (2p 1 + 3P2 + c) 	 (3.2)
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rs = (p2 - c) I (2p i + 3p2 + c) 	 (3.2)
By changing c from -p 1 /2 to p2 , we are able to obtain correction coefficients
from 0 to 1/3.
Intuitively, a bivariate exponential distribution relationship between adjacent
customer interarrivals worses system performance by increasing the average
waiting time in the queue.
Fig. 3.1 is the simulation of the model described above, with p i =2, p2 =4,
u2 = 12, and simulation running time for each r is 400. The figure shows thatthe
average waiting time tends to increase, but not monotonously increases when the
correlation coefficient increases.
3.1.2 Effect of Positive Correlation Generated by Variables
with Uniform Distribution
In this section, we try to construct another queueing model which has positive
correlation between customer interarrival time and service time.
Let {Xn} follows (0,2) uniform distribution;
ft " is a factor which ranges from 0 to 1.
For ith customer, the interarrival time is defined as
= Xi + (1-a) Xj+i,
and service time follows (0,1) uniform distribution.
The correlation coefficient can be calculated as
r = a(1 -a) I (2a2 -2a +1). 	 (3.3)
Let y = a(1 -a),
then
r = y I (1-2y).
Because y ranges from 0 to 0.25,
r 	 = 0.5, 	 when a = 0.5;
17
	r min 0,	 when a = 0 or 1.
That means the maximum correlation happens when new variable takes both
factors equally and the minimum correlation coefficient happens when new
variable exclusively depends on one factor.
For comparison, we also establish a similar queueing model which has no
correlation between adjacent customer interarrivals.
Let {X",„'} follows (0,2) uniform distribution.
The ith customer interarrival time is defined as
	 i ' =	 + (1 -a)Xi+1  ,
while i+ lst customer interarrival time is defined as
Ti+ 1 1 	Xj+2I	 (1-a)Xi+3 .
Service time follows (0,1) uniform distribution.
Fig. 3.2 is the simulation result of the models described above with
simulation running time 1500. It shows that: when the correlation coefficient
ranges from 0 to 0.35, the average waiting time doesn't have any trend over
comparison model; when it ranges from 0.35 to 0.5, the decreasing trend is
obvious, the solid curve is always above the dash curve. The conclusion is that
in model described above, the average waiting time in the queue will not have a
increasing trend until the correlation coefficient between adjacent customer
interarrival time reaches certain value.
3.2 EFFECT OF NEGATIVE CORRELATION BETWEEN
ADJACENT INTERARRIVALS
In this section, we are trying to establish a negative correlation between adjacent
customer interarrival time to see whether there is any trend of the effect over



















Figure 3.2 Positive Correlation between Adjacent Interarrival
Generated by Variables with Uniform Distribution
The following model is one of the negative correlation model between
adjacent interarrival:
Let {Xn } follows (0,3) uniform distribution;
{ Yn} follows (0,1) uniform distribution.
The ith customer interarrival time is defined as
-=X + 	 (1-a)17i4.1.
The (i+l)th customer interarrival time is defined as
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Figure 3.3 Effect of Negative Correlation Between Adjacent Interarrivals
The customer service time follows (0,1) uniform distribution .
The respective correlation coefficient is:
r = a(l-a) I (2a+8).	 (3.3)
The customer interarrival distribution of this model changes correspond to the
variance of a. The comparison model is similar to the dependency model but has
independent interarrival time between adjacent customer.
Let {Xn1 follows (0,3) uniform distribution;
{Y„'} follows (0,1) uniform distribution.
The ith customer interarrival time is defined as:
20
71' = Xi ' + aYit + (1-a)Yi+1 1 .
The i+ 1st customer interarrival time is defined as :
Ti+ C = Xi+ C + aYi+2: + (1-a)Yi+3 `.
The customer service time also follows (0,1) uniform distribution.
Fig. 3.3 is the simulation result of the models described above with
simulation running time 1500. Compared with independent model, the negative
correlation between the adjacent interarrival does not have a trend to increase or
decrease the average waiting time in the queue.
CHAPTER 4
EFFECTS OF DEPENDENCIES BETWEEN ADJACENT
SERVICES ON SYSTEM PERFORMANCE
This chapter is divided into two sections: section 1 develops simulation
results for positive correlation; section 2 shows how negative correlation effect
the system performance.
4.1 EFFECT OF POSITIVE CORRELATION BETWEEN
ADJACENT SERVICES
4.1.1 Effect of Positive Correlation Generated by Variables
with Bivariate Distribution
Let {Xn} follows exponential distribution with parameter p 1 ;
{Yn} follows exponential distribution with parameter p 2 .
The ith customer service time is expressed as:
Si = min (Xi, Yi , Yi+1).
The service time then follows exponential distribution with parameter u 1 = p i +
2p2 .
Customer interarrival time follows exponential distribution with parameter
u2.
The correlation coefficient between the adjacent service time can be
expressed as:
r P2 / (2Pi + 3P2).	 (4.1)
Here, we fix u 1 , then the marginal distribution of the service time will not
be changed no matter how correlation coefficient varies.
If p2 decrease by c, the new correlation coefficient becomes:










0.05	 0.10 0.15	 0.20	 0.25	 0.30 0.35
Correlation Coefficient
22
By changing from -p 1 /2 to p2 , we are able to obtain correction coeffi-
cients from 0 to 1/3.
Fig. 4.1 is the simulation of the model described above, with simulation
running time t=400, p i =3, p2 =2, u2 =5. After running simulation 150 times
for different value of correlation coefficient, the result shows that this kind of
positive correlation between adjacent service time has a trend to increase, but not
monotone increase, the average waiting time in the queue,
Adjacent Service Correlation
Figure 4.1 Positive Correlation between Adjacent Services
Generated by Variables with Bivariate Distribution
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4,1.2 Effect of Positive Correlation Generated by Variables
with Uniform Distribution
Let {X,i} follows (0,1) uniform distribution. "a" is a factor which ranges from 0
to 1.
For ith customer, the service time is defined as:
Si = XL + (1-a) Xi+
and the customer interarrival time follows (0,2) uniform distribution.
The correlation coefficient can be expressed as:
r = all -a) I (2a2 -2a +1).	 (4.3)
Let y = a(1-a),
then
r = y I (1-2y).
Because y ranges from 0 to 0.25,
r. = 0.5,	 when a = 0.5;
r • = 0,	 when a = 0 or 1.
The comparison model is a similar queueing model which has no correlat-
ion between adjacent customer services.
Let {Xn '} follows (0,1) uniform distribution.
The ith customer service time is defined as:
Si ' =	 + (1-a)Xi+j:
The 1+1st customer service time is defined as:
Si + Xi+ 2 t (1--a)Xi + 3'
The customer interarrival time follows (0,2) uniform distribution.
Fig. 4.2 is the simulation result of the models described above with
simulation running time 1500. It shows that: mostly, the correlation model has a
trend to increase, not monotone increase, the average waiting time in the queue.
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Figure 4.2 Positive Correlation between Adjacent Services
Generated by Variables with Uniform Distribution
4.2 Et ii.ECT OF NEGATIVE CORRELATION BETWEEN
ADJACENT SERVICES
In this section, we are trying to establish a negative correlation between adjacent
service time to see the effect over system performance when the correlation
coefficient between the adjacent customer service time increases.
The following model is one of the negative correlation model between
adjacent interarrivals:
Let {Xn} follows (0,2) uniform distribution;
{Yn} follows (0,1) uniform distribution.
The ith customer service time is defined as
Si = X + aY + (1-a)Yi+1 .
The i+lst customer service time is defined as
+ aYi+1 + (1-a)Yi+2 .
The customer interarrival time follows (0,4) uniform distribution.
The correlation coefficient can be expressed as
r = - a(1-a) / (2a+3).
25
(4.3)
The customer service time distribution of this model changes corresponding to
the variance of a. The comparison model should be similar to the dependency
model but has independent service time between adjacent customer.
Let {X,'} follows (0,2) uniform distribution;
{Y,'} follows (0,1) uniform distribution;
The ith customer interarrival time is defined as
Si ' = Xi ' +	 (1-a)Yi+ t.
The i+ 1st customer interarrival time is defined as
Si+ 1 1 Xi+ 1 I -r aYi+2 ' - (1-a)Yi+3 '.
Customer interarrival time also follows (0,4) uniform distribution.
Figure 4.3 is the simulation result of the models described above with
simulation running time 1500. Compared with independent model, the negative
correlation between the adjacent service time has no trend of increasing or
decreasing the average waiting time in the queue.
0.35






Figure 4.3 Effect of Negative Correlation Between Adjacent Services
CHAPTER 5
EFFECTS OF DEPENDENCIES ON TANDEM QUEUES
Consider a two server system in which customers arrive at a Poisson rate at
server I. After being served by server 1 they then join the queue in front of
server 2. Here, we suppose there is infinite waiting space at both servers. Each
server serves on customer at a time with server i taking an exponential time with
rate ui for a service, i =1,2. Such a system is called a tandem queues.
In this chapter, we are trying to find out how dependency affect the system
performance in tandem queues.
5.1 EFFECT OF POSITIVE DEPENDENCY BETWEEN INTERARRIVAL
AND SERVICE AT SERVER 1
Suppose three independent exponential distribution are:
P[Ui > = 	 i t ;
P[U2 > t] = 0'2';
P[U1.2>fl =
The customer interarrival time is expressed as:
T = min(U i , U12),
while service time at server 1 satisfies:
S min( U2 , U12)
Service time at server 2 is a Poisson process with rate u 3 .
/43 >`P2+ 7 12 > = Pi ±P12.
Hence the exponential marginal distribution function is given by:
F 1 (t 1) = P[T > t i] = C(P1 +P12)ti;
F2(t2) = P[S > t2] = e ('2"12)2;
F3 (t3) 	 P[Q > t2] = e-u3t2.
27
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So customer interarrival time follows exponential distribution with parameter
u i = p i +p 12 , while the service time at server 1 follows exponential distribution
with parameter u2 P2 ±P12-
The correlation coefficient between the interarrival time and service time at
server 1 is:
r P12 / (P1 +P2 ±P12)
	
(5.1)
We fix u 1 and u2 so that the marginal distribution of the customer interarri-
val time and service time at server 1 won't change no matter how correlation
coefficient varies.
If p12 increases by c, then the new correlation coefficient becomes:
	= (p12+c) I (Pi +P2+Pirc)	 (5.2)
r' min 0 when c = P12 ;2; max (pi +p i2)/(p2+p i2), when c = p i .
By changing c from -p 12 to p i , we obtain correction coefficient from 0 to
(Pi +P12)/(P2 +P12)-
Figure 5.1 is the simulation result of the model above, with p i =3, p2 =6,
Pt2= 4, u3 = 12. It shows that the average waiting time in the queue has a slow
trend of decreasing, but not monotonously decreasing, with respect to the
increment of correlation coefficient.
5.2 EFFECT OF POSITIVE DEPENDENCY BETWEEN
SERVICES AT SERVER 1 AND SERVER 2
Suppose three independent exponential distribution are:
P[U i >I]	 e P i t ;
P[U2 > /1 = CP21.
PRI 12> = CP14
The customer interarrival time is expressed as:
S = min(Ui , U2),
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figure 5.1 Effes ct of Positive Correlation Between Interarrival and Service at
Server 1 in Tandem Queue
while service time at server 1 satisfies:
Q =- min(U2 , ti12)
Customer interarrival time is a Poisson process with rate u 3 .
The correlation coefficient between the service time at server 1 and server 2
r P12 / (P1 +P2 +P I2)
	
(5.3)
We fix u 1 and u2 so that the marginal distribution of the service time at
server I and server 2 will not be changed no matter how correlation coefficient
varies.
30
From previous analysis, we know that r will change from 0 to (p 1 +p12)
l(p2 +p i2) according to the variance of p 12 .
Figure 5.2 is the simulation result of the model above, with running time
400, Pi =5, P2 =7, P12=6, u3 =4. It shows that the average waiting time in the
queue has a slow trend of increasing, but not monotonously increasing, with
respect to the increment of correlation coefficient.
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Figure 5.2 Effect of Positive Correlation Between Service time at Server 1 and
Server 2 in Tandem Queue
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5.3 EFFECT OF POSITIVE CORRELATION BETWEEN
ADJACENT INTERARRTVALS
Let {X} follows exponential distribution with parameter p i ;
{Yn} follows exponential distribution with parameter /92 •
The distribution function of each variable are shown as:
P [X > t] 
P[Y> = CP2t
The ith customer interarrival time is expressed as:
T = min(Xi,
The interarrival time then follows exponential distribution with parameter u 1
P1 + 2P2-
Service time at server 1 and server 2 follows exponential distribution with
parameter u2 and u3 respectively.
The correlation coefficient between the adjacent customer interarrival time
can be expressed as:
r = P2 / (2P1 	 3P2).
	 (5.4)
Here, we fix U 1 , the marginal distribution of the customer interarrival time
will not be changed no matter how correlation coefficient varies.
If p2 decrease by c, the new correlation coefficient is:
r' = (p2 - c) 1 (2p i + 3/32 + c) .	 (5.5)
By changing c from -p 1 /2 to p2 , we are able to obtain correction coeffi-
cients from 0 to 1/3.
Figure 5.4 is the simulation result of the model above, with running time
400, p 1 =2, p2 =3, u2 =10, u3 =14. It shows that the average waiting time in the
queue has a slow trend of increasing, but not monotonously increasing, with
respect to the increment of correlation coefficient.
Adjacent Interarrival Correlation
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Figure 5.3 Effect of Positive Correlation Between Adjacent Interarrivals in
Tandem Queue
5.4 EieletCT OF POSITIVE CORRELATION BETWEEN
ADJACENT SERVICES AT SERVER 1
Let {X,i} follows exponential distribution with parameterp i ;
{Y,} follows exponential distribution with parameter p 2 .
The distribution function of each variable are shown as:
P[X>t] = e-P i t ;
P[Y>t] = CP2 f
The ith customer service time at server 1 is expressed as:
=	 yi+1).
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The service time at server 1 then follows exponential distribution with parameter
Pi + 2P2-
Hence the exponential marginal distribution function is given by:
P[P >	 = c(P 1 +2P2)t .
Customer interarrival time and service time at server 2 follow exponential
distribution with parameter u 2 and u3 respectively.
The correlation coefficient between the adjacent customer interarrival time
can be expressed as:
r = p2 / (2p i + 3/92)	 (5.6)
From previous analysis, the correction coefficients can be changed from 0 to
1/3.
Figure 5.4 is the simulation result of the model above, with running time
400, p i =2, p2 =3, u2 =5, u3 =12. It shows that the average waiting time in the
queue has a slow trend of increasing, but not monotonously increasing, with
respect to the increment of correlation coefficient.
5.5 EFVECT OF POSITIVE CORRELATION BETWEEN
ADJACENT SERVICES AT SERVER 2
Let {Xn} follows exponential distribution with parameter p i ;
{Yn} follows exponential distribution with parameter p2 .
The distribution function of each variable are shown as:
P[X> = i t ;
P[Y > = CP2! .
The ith customer service time at server 2 is expressed as:
Qi = min(Xi, 	 4_ 1).
The service time at server 1 then follows exponential distribution with parameter
= p i + 2p2 .










-< 0.20                                                                                                                                                                                                                                                                                                                                                                                                                                            
.1                                         
0.15 	 ' 	 I 	 , 	 I 	 , 	 I 	 , 	I 
0.00 	 0.05 	 0.10 0.15 0.20 	 0.25 	 0.30 0.35
Correlation Coefficient
Figure 5.4 Effect of Positive Correlation Between Adjacent Services at
Server 1 in Tandem Queue
Hence the exponential marginal distribution function is given by:
P[Q > = e(P 1 +2P2)t.
Customer interarrival time and Service time at server 1 follow exponential
distribution with parameter u2 and u3 respectively.
The correlation coefficient between the adjacent customer interarrival time
can be expressed as:
r = P2 / (2p i + 3P2) 	(5.7)
The correction coefficient can be changed from 0 to 1/3.
Figure 5.5 is the simulation result of the model above, with running time
400, p i =3, p2 =3, u2=5, u3 =7. It shows that the average waiting time in the
35
queue almost has no trend of increasing or decreasing, with respect to the
increasing of correlation coefficient.
Adjacent Service 2 Corrlation
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F'gure 5.5 Effect of Positive Correlation Between Adjacent Services at




In the previous chapters, we analyzed the effects of dependencies on several
GIG/1 queueing systems and 2-server tandem queues. Simulation results for
each model are shown on figures and conclusions are drawn from analyzing the
curves obtained by simulation. This chapter is the summary of these results.
In a single node, single server queue, positive correlation between inter-
arrival time and service time has a trend of improving system performance
measures, by decreasing the average waiting time in the queue or etc., with the
increment of correlation coefficient. On the other hand, positive correlations
between adjacent interarrivals and positive correlation between adjacent services
have trends of worsening the system performance by increasing the average
waiting time in the queue or etc., with the increment of correlation coefficient.
Nevertheless, none of these effects has monotone property of effect of
dependency on system performance. Negative correlation between interarrival
time and service time, negative correlation between adjacent interarrivals and
negative correlation between adjacent services do not have any trend or certain
effect on system performance.
In the 2-server tandem system, positive correlation between interarrival
time and service time at server 1 shows a trend of improving the system
performance. Positive correlation between server 1 and server 2, positive
correlation between adjacent interarrival time and positive correlation between
adjacent service time at server 1 have trends of worsening system performance
measures, by increasing the average waiting time in the queue with the
increment of correlation coefficient. The positive correlation between adjacent
service time at server 2 has almost no certain trend of effect on system
36
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performance. Again, none of these effects has monotone property of effect of
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#include 	 < string. h >
#include 	 < math .h >
#include 	 <stdio.h >
#define 	 max(x,y) (x> =y)?x:y
#define 	 min(x,y) (x < =y)?x:y
/*SINGLE NODE QUEUEING SYSTEM*/














printf(" input sumulation running time\n");
12
scanf("%f",&0;
/* input T series exponential distribution parameter */
printf(" input T series parameter\n");
scanf(" %f" , &p 1 0) ;
/* input S series exponential distribution parameter */
printf("%s\n", "input S series parameter");
scanf("%f",&p20);
/* input U series exponential distribution parameter */
printf(" input U series parameter\n");
scanf("%f",&p30);









/* generate arrivals, compute arrival time, service
time*/




dt[i] =-(log(1-rand_t))/p1; 	 /*generate T series
data*/
rand s=drand480;
ds[i] =-(log(1-rand_s))/p2; 	 /*generate S series
data*/
rand_u=drand480;
du[i]=-(log(1-rand_u))/p3; 	 /*generate U series
data*/
d[i]=min(dt[i],du[i]);
a[i]=a[i-1]+d[i]; 	 /*compute arrival time*/
b[i) =min(ds[i],du[i]); 	 /*compute service time*/




/*compute service completion time if it doesn't exceed
simultion running time t*/
for a .--1;10000;j+ ±) {
z[j]=-- max(c[j-1],a[j]);





















for(i=0;i< =150;i+ +) {





1. Cohen, J. W. The Single Server Queue. North-Holand Publishing
Company. 1982.
2. Hiller, S. F., and S. 0. Yu. Queueing Table and Graphs. North-Holland
Publishing Company. 1982.
3. Jagerman, L. D. "The Autoregressive Structure of Some Transformed
Modular Autoregressive Processes". Draft Paper. 1992.
4. Ross, S.	 Intruduction to Probabilit Models. 4th Edition. Boston:
Academic Press. 1989.
5. Sharda, R., and B. Golden. Impact of Recent Advances on Operation
Research. North-Holland Publishing Company. 1989.
6. Soloman, L. S. Simulation of Waiting Line System. Prinston-Hill. Inc.
1983.
46
